We assessed the degree of pollen and fruit-dispersal limitation in the endemic gynodioecious New Zealand tree fuchsia Fuchsia excorticata over several seasons and at 17 sites throughout New Zealand. The flowers were visited mainly by two endemic honeyeaters (bellbirds and tui), and in some cases very frequently by silvereyes, which also occasionally rob nectar from flowers. We confirmed that hermaphrodites account for more than half the plants in all populations, are fully self-compatible, and can autonomously self in the absence of pollinators (especially in plants with smaller herkogamy). Fruit production in hermaphrodites and (particularly) females was frequently pollen-limited (mean Pollen limitation indices of 0.17 and 0.40, respectively), and was correlated with visual assessments of pollen loads on the stigma, a useful index of pollinator service. A comparison of the proportion of ripe or overripe fruit on branches exposed to birds versus branches enclosed in wire cages showed that uncaged fruit on Kapiti island is removed almost as soon as it is ripe but on the mainland it persists for much longer. The proportion of ripe or overripe compared to green fruit is therefore an approximate index of dispersal service. both indices may be useful to managers concerned with measuring the level of mutualism service provided by native birds.
INTRODUCTION
The widespread decline in abundance and ranges of bird species worldwide has raised concerns about the failure of ecological interactions involving birds, especially fruit-dispersal and pollination mutualisms (Sekercioglu et al. 2004) . This is particularly relevant to New Zealand (Craig et al. 2000) as many terrestrial bird species are extinct (Holdaway 1989) or declining (Hitchmough et al. 2007 ), putting at risk pollination and dispersal services (Clout & Hay 1989; Craig et al. 2000; Newstrom & Robertson 2005) . Significant disruptions to bird-plant mutualisms have been recently demonstrated in New Zealand forest species, and it appears that many birdvisited plants now suffer from incomplete pollination New Zealand Journal of botany, 2008, vol. 46 300 and/or fruit dispersal (McNutt 1998; Robertson et al. 1999; Montgomery et al. 2001; Kelly et al. 2004; Merrett et al. 2007) .
The risks from these kinds of disruptions depend on whether there are reproductive-assurance mechanisms that can replace the role played by the mutualists (bond 1994). For example, autonomous self-pollination and passive dispersal of fruits may be enough to at least replace the adult plants as they die. However, reproductive assurance through selfing may incur its own costs if inbred offspring are less fit than outcrossed seedlings due to inbreeding depression (Charlesworth & Charlesworth 1987; Herlihy & Eckert 2002; Scofield & Schultz 2006) , and passage through a bird gut may be required for adequate seed germination (Traveset 1998; Robertson et al. 2006) .
Fuchsia excorticata (tree fuchsia or kotukutuku) is a long-lived New Zealand endemic tree up to 12 m tall, with trunks up to 70 cm diameter, and is found from North Cape to Auckland island. Fuchsia excorticata has been reduced throughout much of its range by brushtailed possum (Trichosurus vulpecula) herbivory (Pekelharing et al. 1998; Sweetapple & Nugent 1999) , and thus establishment of new seedlings is important to replace dying adults. Also, it is a partially seral species that is eventually overtopped by other trees. The production and dispersal of viable seed is therefore important for the persistence of this species.
Fuchsia excorticata is gynodioecious (plants are either hermaphrodite or female) and both sexes are capable of high fruit set. Godley (1955) showed that the hermaphrodites are self-compatible but have variable levels of herkogamy (the physical separation of the anthers from the stigma), which he suggested could affect their chances of self-pollinating in the absence of pollinator visits. The primary flower visitors to F. excorticata are bellbirds (Anthornis melanura), tui (Prosthemadera novaeseelandiae), and silvereyes (Zosterops lateralis) (delph & lively 1985; Kelly et al. 2006) . Since bellbird and tui populations have declined throughout much of mainland New Zealand in the last 150 years (Robertson et al. 1999) , and silvereyes are currently the predominant flower visitor at many sites but are considered to be primarily nectar robbers (delph & lively 1985) , we wanted to test whether this change has compromised F. excorticata pollination.
The fruits are also dispersed by tui and bellbirds (Craig et al. 1981) , and by kereru (New Zealand pigeon, Hemiphaga novae-zelandiae; Mcewan 1978) , which is listed as in "gradual decline" (Hitchmough et al. 2007 ). This raises questions about whether fruit dispersal by native birds is still effective (Clout & Hay 1989) and whether other introduced birds may substitute (Kelly et al. 2004 . The exotic blackbird (Turdus merula) and european starling (Sturnus vulgaris) also take the fruit (burrows 1994) and may therefore be candidates. in South Westland, where tui, bellbirds and kereru remain abundant, o 'donnell & dilks (1994; summarised in Kelly et al. 2006) found that kereru accounted for 64% of visits to F. excorticata fruits, followed by blackbirds 17%, silvereyes 12%, bellbirds 5%, and fantails (Rhipidura fuliginosa) 2%. in this paper, by measuring rates of fruit removal from a range of sites throughout the country, we test the extent of fruit dispersal failure.
The aims of this study on F. excorticata were: (1) to determine the degree of self-compatibility and potential for autonomous selfing in hermaphrodites; (2) to test for pollen limitation in the field at a range of mainland sites; (3) to measure rates of fruit dispersal; and (4) to develop field indices of pollination and dispersal service as quick assessment tools to measure the status of bird-plant mutualisms.
MATERIALS AND METHODS

Study species
originally the main pollinators of F. excorticata would have been bellbirds, tui, and the now extremely rare stitchbird (Notiomystis cincta; Thomson 1881; Kirk 1892; delph & lively 1985; Kelly et al. 2006) . The silvereye (self-introduced in the 1850s) is now frequently observed on the flowers, but the hypanthium tube is long in hermaphrodite flowers (c. 20 mm) and silvereyes are thought to be unable to reach the nectar from the flower opening as their beaks are too short (14.3 mm compared to 20 mm for bellbirds), although silvereyes can access female flowers which are about half as long (Delph & Lively 1985) . instead, silvereyes frequently make holes in the side of the corolla of hermaphrodites to reach the nectar and probably do not achieve pollination this way. Bumblebees rob flowers by probing the cuts made by silvereyes for nectar and thus they are probably not generally effective as pollinators and furthermore may deter subsequent bird visitation by reducing nectar availability (delph & lively 1985) .
The 12 × 5 mm fruits are a berry containing c. 300-600 small seeds in four locules (Godley & berry 1995). Fruits ripen from green through maroon to purple-black. overripe fruits begin to desiccate and wrinkle, which distinguishes them from the shiny ripe fruits.
Study sites and sex ratios
We used 17 study sites from lake okataina in the North island to Hinewai Reserve on the South island's banks Peninsula during the course of the study (Table 1) . The sites varied from scattered trees along roadsides and pasture margins, to plants on the edges of forest patches, or along streams in forested catchments. Fuchsia excorticata was common at all study sites. At 13 of the sites we recorded the ratio of hermaphrodites to female plants by noting the gender of all accessible flowering plants within the vicinity of our focal plants used for aspects of the study.
Self-compatibility levels of self-compatibility were examined in two populations of F. excorticata in the 1998/99 season by hand-pollinating flowers with either self-or cross-pollen. on each of nine hermaphrodite trees at Ahuriri and 10 at Rotokura, up to 10 flowers per plant were hand-pollinated with pollen from other plants in the population and up to 10 additional flowers per plant were hand self-pollinated and bagged to prevent cross-pollination. Tagged flowers were left for c. 8 weeks to allow fruit to set and then both types of fruits were harvested at both sites to count seeds. We counted the seeds in one of the fruit locules on up to 10 fruits of each type at each site. Two types of seeds were identified: thin and translucent, or fat and opaque. A study using eight fruits from Ahuriri Reserve showed that the germination rate for fat seeds was 84.6% (n = 800) compared to only 0.92% of the thin seeds (n = 327), so we present here totals for only fat seeds. We used Generalised linear Models (GlMs) in S-Plus version 4.5 (Mathsoft, inc., Seattle, WA) to analyse the data-binomial GlMs for fruit set, and Poisson GlMs for seeds per locule. Knight et al. (2005) .
Bird visitation and nectar robbing
We also checked in the 1998/99 season whether pollination treatments affected the number of seeds per fruit. At three sites (Ahuriri, Rotokura, Ruahine) we counted fat seeds per fruit locule as detailed for self-compatibility above. We tested hand-crossed and natural fruits off females, and hand-crossed, hand-selfed, bagged, and natural fruits off hermaphrodites at all three sites (except hand-crossed females at Ahuriri and bagged hermaphrodites at Ruahine). There were an average of 6.4 trees per treatment per site. Seeds per locule were analysed using a Poisson GlM with site, sex, and treatment as predictors.
Pollen loads and herkogamy
At five sites in 1998/99 (Mokoia, Opepe, Rotokura, Ruahine, and Ahuriri) and 1999/2000 (opepe, Rotokura, Akatarawa, Pretty bridge, and Ahuriri), we scored the tagged natural-pollination flowers described above as carrying none, few, some, or abundant visible pollen adhering to the stigmatic surface. The blue pollen showed up well on the yellow stigmas, so field scoring of pollen loads was straightforward. Flowers last approximately 11 days, and about halfway through this period they turn from green to red over 1-2 days, after which they are no longer visited by birds (delph & Lively 1985 (delph & Lively , 1989 . In order to account for flower age, each flower was categorised as being in the female phase (flower green and fully open, anthers not dehisced), male phase or its equivalent (flower largely green but showing first signs of red, anthers in hermaphrodites dehisced), or old (flowers red). At the same time (excluding Ahuriri and Pretty bridge in 1999/2000), the hermaphrodite flowers were assigned to three classes on the basis of the degree of herkogamy-large spatial separation (autonomous selfing unlikely), medium (selfing possible), and small (selfing likely). interactions among fruit set and plant-mean pollen load (allowing for flower age when pollen load scored and converting our qualitative pollen load scores into an ordinal scale: 0 = none, 1 = few, 2 = some, and 3 = abundant), and fruit set and plant-mean herkogamy (ordinal scale: selfing likely = 0, possible = 1, and unlikely = 2), were explored using binomial GlMs in S-Plus.
Fruit dispersal
To assess fruit-dispersal service, we measured fruitremoval rates inside and outside cages during the ripening period. The cages served as no-visitation controls. We used three sites in the 1996/97 season (Kapiti island, and Akatarawa and Gladstone, both on the nearby mainland) with dispersal measured on five plants per site. In 1998/99 we used four sites: Ahuriri (n = 12 plants), Rotokura (n = 10), Ruahine (n = 8), and opepe (n = 5). We used five sites in 1999/2000: Ahuriri, Rotokura, opepe, Pretty bridge, and Akatarawa (n = 10 at all sites except opepe n = 9). on each plant, a branch with 20-80 unripe fruits was tagged so that their fate could be followed, and a second branch with 10-40 fruits was placed inside a mesh cage to exclude animals. The plants were revisited approximately fortnightly and the fruits on each branch were scored for ripeness at each visit and classified as: unripe (green), ripe (purple and fleshy), or overripe (shrivelling). We estimated the rate of dispersal by calculating the mean across all visits of the percent of initial fruits which were present in the ripe or overripe state, on the assumption that high removal rates by birds would leave few ripe or overripe fruits on the plants ( Kelly et al. 2004 ). The mean proportion of ripe plus overripe tagged fruits was compared for caged and uncaged fruit across all sites using a binomial GlM in S-Plus.
Mutualism health indices
We developed two mutualism-service indices in the course of this study. The first, designed to indicate the effectiveness of pollination service, was the pollen load visual qualitative index as described above. This measure can be made with a single visit to a site during the flowering period in spring. The second index was designed to measure fruit-dispersal service. The measures of fruit dispersal effectiveness described above relied on repeat visits to tagged fruits throughout the season. A similar measure, but one that can be made in a single visit during the fruiting season when ripe fruit is present, is the proportion of ripe or overripe fruits as a percentage of all the fruit (including unripe fruit) remaining on the plant at that time. We calculated an average of this proportion, summing all the visits we made to each site during the fruit ripening period to calculate an average for each plant before averaging all plants at the site. The average for each site/season combination for this index correlated highly with the means obtained from following a cohort of fruits as described above (r = 0.811, n =12, P = 0.0014).
RESULTS
Sex ratios and self-compatibility
Hermaphrodites were more common than females at all 13 sites that we surveyed (Table 1) , with an overall mean of 29.5% females. only two sites had <20% females and the maximum was 42%. Fuchsia excorticata hermaphrodite plants were confirmed to be fully self-compatible: there was no significant difference between hand-crossed and hand-selfed treatments at Ahuriri or Rotokura in either fruit set, or in seeds per locule (Table 3) . in all four comparisons, the means for selfs and crosses were within 10% of each other.
Bird visitation and nectar robbing
Flower visitation rates by birds were highly variable among the 11 sites where this was measured (Table  2) . No birds were recorded during our observations at duckpond Stream, but at other sites, birds were frequent visitors. At all but the duckpond Stream site, at least some honeyeater activity was recorded, though the ratio of bellbirds to tui changed, from more tui in the north, to more bellbirds further south. Silvereyes were very patchy-they were not seen visiting flowers at several sites but were the dominant visitors at others (e.g., Ruahine Range and Gladstone Road in the North island, and the two banks Peninsula sites, Ahuriri and Hinewai).
Robbing rates were generally low: on average across all sites, only 2.2% of flowers were found with signs characteristic of silvereye robbing (Table 2). At nine site/year combinations, no robbed flowers were seen, but in sites that were surveyed in two seasons, the two years were often quite different, showing that robbing varies seasonally and spatially. The most highly robbed site was Ahuriri in 1998/99 where around 10% of flowers were robbed, but the following season that figure dropped to 2%. There was no correlation between silvereye visitation rates and robbing rates (r = -0.0431, d.f. = 10, P = 0.894).
Natural pollination rates
The number of seeds per fruit was little affected by pollination treatments. in the analysis there was a significant effect of site (F 2,96 = 18.75, P < 0.001), with Rotokura being lower than the other two sites, but no difference between females and hermaphrodites (F 1,96 = 2.16, P = 0.14). The effect of treatment was just significant (F 3, 96 = 2.63, P = 0.049) but the differences in means were very small, with bagged fruits slightly lower (109 seeds per locule) than for selfed, natural, and crossed fruits (116, 116, and 118, respectively) . Therefore, for practical purposes, measuring fruit set is sufficient to estimate the total number of seeds produced.
At several sites, notably Ruahine, Rotoiti, and Rotokura, fruit set following natural pollination fell significantly below the level achievable with hand pollination (Fig. 1 ). There were significant Table 1 . dashed lines indicate missing treatments. The sites are arranged approximately in order of pollination service: Ru Ruahine, Rt lake Rotoiti, Ro Rotokura, du duckpond, Pb Pretty bridge, op opepe, Ak Akatarawa, and Ah Ahuriri. Refer to Table 4 for statistical comparisons.
differences among treatments for hermaphrodites in all three seasons, and among female plants in the first two seasons, but not in 2002/03 when only two sites were measured (Table 4) . Females were significantly more pollen-limited than hermaphrodites, with the mean Pli for females more than double that of hermaphrodites (Table 5) . Pollination levels were consistent between seasons ( Fig. 1) : the Plis were significantly correlated between 1998/99 and 1999/2000 when using site/sex combinations as replicates (r = 0.77, d.f. = 5, P = 0.039).
Mean stigma pollen load per plant was positively related to mean fruit set per plant on unmanipulated flowers (Fig. 2) . In the GLM, there were significant main effects of pollen load, site, and season (Table  6) , and also significant interactions for pollen load × flower age (high pollen loads on younger flowers were associated with higher fruit set), flower age × sex (hermaphrodite flowers of a given age have higher pollen loads than female flowers), and pollen load × site (possibly reflecting differences between observers since three researchers collected these data from the various sites). There was no significant overall effect of sex, suggesting that a given pollen load score translates into the same chance of fruit set on both sexes. in total, pollen load and its interactions explained about one-third of the deviance. Table 3 Self-compatibility in two populations of Fuchsia excorticata. Within each tree, 10 flowers were pollinated by hand with pollen from the same plant (hand self) and some from a different plant within the population (hand cross), and the percent of flowers making a fruit determined. Seeds were counted in one of the four locules per fruit from up to 10 successful fruits. The treatment means and significance tests from generalised linear models (binomial for fruit set, and Poisson for seed counts) are shown. Hence, the amount of visible pollen on a stigma can act as an indicator for how well pollination is working at a site, without having to measure fruit set. At the site level, honeyeater visitation rate was significantly correlated with mean pollen load on female plants (r = 0.69, d.f. = 10, P = 0.013) but not on hermaphrodites (r = -0.03, d.f. = 10, P = 0.93). When included in the correlations, silvereye visits made both non-significant (r = 0.38, d.f. = 10, P = 0.223 for female plants; r = 0.13, d.f. = 10, P = 0.69 for hermaphrodites).
Autonomous selfing and herkogamy in hermaphrodites
Hermaphrodite plants varied significantly in the degree of herkogamy (spatial separation between . each point represents the means for one plant; all the data from seven sites and two seasons (1998/99 and 1999/00) are pooled here. A logistic regression line is shown fitted through the data (see Table 6 for results of the analysis). Table 8 logistic regression predicting autonomous fruit set (i.e., inside bags) in hermaphrodite Fuchsia excorticata plants from average plant herkogamy, allowing for additional effects due to the six sites used for this study and for the two seasons (1998/99 and 1999/2000) . Herkogamy was entered into the analysis first followed by site then season. The data are arranged on either side of the midline for sites that were studied in two seasons (as listed in Methods).
The sites are arranged in order of dispersal service: Ka Kapiti island, Ak Akatarawa, Gl Gladstone, Ru Ruahine, Pb Pretty bridge, Ro Rotokura, op opepe, and Ah Ahuriri. Refer to Table 9 for statistical comparisons.
anthers and stigmas) among sites and among plants within sites (Table 7) . The degree of herkogamy on a plant significantly influenced its likelihood of autonomous selfing within bags (Table 8) : plants with flowers where herkogamy made selfing seem "unlikely" only set fruit on around 15% of their flowers inside bags, while for plants that were considered "likely" to self the comparable figure was about 60%. There was also a strong site effect in this analysis, as some populations (e.g., Ruahine) set few fruits despite having only moderate levels of herkogamy. The Ruahine population also set few fruit when hand-pollinated (Fig. 1) , suggesting that the trees were under resource constraint.
Dispersal in cages that prevented birds from reaching the fruits, ripe and overripe fruits built up to high levels (25-50% of all fruits; Fig. 3 ), whereas outside the cages, fewer ripe and overripe fruits were seen (usually <20%). The effects of caging and of site were both significant (Table 9) , and importantly there was a significant cage × site interaction, suggesting that the strength of the caging effect varied among sites. Kapiti island, which is a bird sanctuary with high bird densities (probably similar to pre-human times), had particularly low rates of ripe and overripe fruits on uncaged branches (0.9%), suggesting very rapid removal by birds. All the mainland sites had higher percentages of ripe and overripe fruits and were broadly similar (mean 15.2%, Fig. 3 ), although there was variation among years at a site (significant site × season interaction).
Mutualism indices
Using visual pollen loads as an index of pollination service, and percentage of fruits that were green rather than ripe or overripe as an index of dispersal Table 9 The effect of caging, site, and season on the average proportion of marked fruits that were ripe or overripe during the fruit ripening period, from a binomial GlM. Fig. 4 indicators of levels of bird-mutualist service for pollination and dispersal of Fuchsia excorticata at our study sites. A, B Average stigmatic pollen loads for hermaphrodite (A) and female (b) trees (max. score = 4; fruit set is generally good when mean pollen load >1.5; see Fig 2) . C, Seasonal average percentage of fruits that are unripe as a proportion of all fruits (including ripe and overripe fruit) on branches at that time. The estimates from both seasons are averaged where a site was studied in two seasons. The positions of lake Rotoroa, lake Rotoiti, and duckpond Stream have been shifted slightly to avoid the labels overlapping.
service, we can see that both mutualisms are operating at below levels optimal for the plant at a wide range of mainland sites (Fig. 4) . Using a threshold of 1.5 pollen load index as an indicator of good pollination service based on the relationship shown between pollen load and fruit set (Fig. 2) , we found that 7 out of 14 sites failed to reach this level on average in hermaphrodites, and 10 out of 14 for females (Fig. 4A,b) . dispersal on Kapiti island was very rapid-only c. 3% of fruits were ripe or overripe- while the mainland sites showed as much as 40% of the fruit as ripe or overripe (Fig. 4C) .
DISCUSSION
Is Fuchsia excorticata pollen limited? our data show that plants on the mainland were often pollen limited, especially females. Treatment (handpollinated versus natural versus bagged) nearly always had a significant effect on fruit set. Females had a mean Pollen limitation index (Pli) of 0.40 (i.e., 40% of seeds that could have been ripened were not because of a lack of suitable pollen), and at three sites females had a Pli > 0.70, which represents substantial pollen limitation. Hermaphrodites had less severe pollen limitation, presumably because of their increased attractiveness to pollinators and/ or their ability to self-pollinate, with a mean Pli of 0.17. However, if selfed seeds show inbreeding depression (see next section), then the actual impact of pollen limitation on hermaphrodites may be higher than these Pli data indicate.
Recently, a number of other pollen limitation studies on other native bird-pollinated woody species on the New Zealand mainland have been published (Table 10 ). The mean Pli for female F. excorticata (0.40) is around the midpoint in the list of 12 species for which a Pli has been measured; the Pli for hermaphrodites is in the lower half. by adding published Plis for insect and wind-pollinated taxa (Table 11) we can see that the Pli for F. excorticata female plants is about average for bird-pollinated species but less than the average for insect-pollinated species. The mean for insect-pollinated species is high because it includes six species of orchid (mean Pli = 0.72), which worldwide are frequently pollen-limited (Newstrom & Robertson 2005) , and six gender-dimorphic species which should also be more susceptible to pollen limitation . only three Plis have been published on wind-pollinated taxa , and they are generally less pollen-limited than the biotically pollinated species. Thus, the level of pollen limitation in female F. excorticata is not unusual for New Zealand woody plants, but this is because pollen limitation is common in both insect-and birdpollinated species. This conclusion is reinforced by a global comparison which shows that the extent of pollen limitation in female F. excorticata (ln odds ratio of 0.63) is around the 70th percentile from a review of 482 studies (Knight et al. 2005, fig. 2 ), putting it in the top one-third of effect sizes.
Self-pollination, reproductive assurance, and the maintenance of gynodioecy Self-compatibility and autonomous fruit set inside bags could provide reproductive assurance for F. excorticata hermaphrodites by allowing seed production even when pollinators are scarce, or when plants occur some distance from any conspecifics (Fausto et al. 2001; Kalisz & vogler 2003) . However, this does not apply to females which must receive pollen to produce fruit, and may be less attractive to pollinators since they produce much less nectar than hermaphrodites, which always outnumber them (delph & lively 1985) . Moreover, hermaphrodite plants with high herkogamy have only limited autonomous selfing ability. The amount of herkogamy among hermaphrodites and the proportion of the population that is female will both influence the importance of pollen exchange within a population. High herkogamy was correlated with lower pollen loads, suggesting that pollinator visitation is important for at least some hermaphrodite plants. We would expect that pollinator visitation rates would be positively correlated with the outcrossing rate in hermaphrodites (Hingston & Potts 2005) . if there is inbreeding depression, as would be expected in a long-lived species like F. excorticata (Scofield & Schultz 2006) , then selfed offspring of hermaphrodites will be worth less than crossed offspring of females and hermaphrodites, perhaps even worth nothing if selfed offspring never survive to reproductive age (Scofield & Schultz 2006) . We are currently testing for inbreeding depression in F. excorticata and the results will be reported elsewhere, but so far we have evidence that selfed offspring are substantially less fit than crossed offspring. Hence, selfing provides less reproductive assurance than seed set would indicate, and pollinator declines may create issues of reduced seed quality (on hermaphrodites) as well as reduced seed quantity (most evident here on females).
The relative fitness of selfed seed is directly relevant to the maintenance of gynodioecy. Since females gain no fitness paternally, gynodioecy should only persist when there is a significant compensating advantage to females in vegetative growth, seed set, or seedling survival (Charlesworth & Charlesworth 1978; Stevens & van damme 1988) . This would be the case if females have higher fruit set than hermaphrodites, and/or if selfed offspring (produced only by hermaphrodites) show strong inbreeding depression. delph (1990) has shown that the frequency of females in the gynodioecious New Zealand species Hebe strictissima increases in sites where hermaphrodites have low seed set. Sun & Ganders (1986) found that in the Hawaiian shrub Bidens, female frequency is driven by varying rates of selfing in hermaphrodites coupled with a high rate of inbreeding depression (δ ~ 0.7) and by a two-fold seed production advantage in females (i.e., by seed quantity and quality advantages in females). lower rates of inbreeding depression (δ ~ 0.45) appear sufficient to maintain females in Hebe subalpina, but in this species, hermaphrodite seed production is only one-third that of the females (delph & lloyd 1991, 1996) . At our sites, hermaphrodites currently have higher, not lower, fruit set than females, as has been also shown for other gynodioecious species (e.g., Webb 1981; Stevens 1988; Merrett 2007) . Therefore, we expect that unless selfing is common and inbreeding depression is strong in this species, hermaphrodites will increase and females will eventually be lost.
The ratio of hermaphrodites to females varies widely among gynodioecious species, between populations of the same species, and even over time within the same population (Proctor et al. 1996; Webb 1999; Merrett 2007) . in F. excorticata, male sterility is controlled by a single dominant gene with females being heterogametic (Godley & berry 1995) , so hermaphrodites produce only hermaphrodite offspring, while females produce offspring with a 50:50 sex ratio. Hence, the population should approach 50% females only if hermaphrodites never reproduce successfully by seed. Godley (1955) surveyed 12 F. excorticata populations throughout New Zealand and found an average of 26.9% females (range 4.1-40.4%). in our study, the mean (29.5%) and range (14.3-41.7%) were similar to those reported by Godley. Hence, females are common, though always <50% of the population, as expected given the high levels of seed set on hermaphrodites.
Is Fuchsia excorticata dispersal limited? it is much harder to say whether fruit dispersal is inadequate than it is to evaluate pollination (Kelly et al. 2004 ). There was a higher percentage of ripe and overripe fruits on the mainland than on Kapiti island, suggesting that fruits get removed more rapidly on the bird sanctuary where densities of birds are higher. However, as long as fruits get removed before they rot or fall from the parent, delays in removal by birds may have no fitness consequences (Kelly et al. 2004) . Fuchsia excorticata appears to require disturbed ground for recruitment and so there may be a greater than usual need to export fruit away from the parent to maximise fitness, but our experiments do not reveal the eventual fate of fruits or their eventual dispersal distance. Seedsowing experiments in which some plots receive seed augmentation (Turnbull et al. 2000) can reveal whether sufficient viable seed falls within a habitat for adequate recruitment, and may be useful in this context, especially in suitable habitat that is at a distance from the nearest parent. However, such experiments test seed limitation and combine the effects of seed supply (adequate pollination) and seed export (adequate seed dispersal) and so cannot be used alone to address dispersal limitation.
Management implications
We have shown that pollination rates particularly on female plants are often limited, and that fruit is not dispersed quickly on the mainland compared to Kapiti island, so there is at least some level of pollen limitation and dispersal limitation in most populations. This reduction in mutualism service is likely to be due at least in part to the decline of the birds that visit the flowers and fruit. An important question to consider is what would happen to F. excorticata if bellbirds, tui, and kereru were to become locally so uncommon as to be functionally extinct (sensu Sekercioglu et al. 2004 ). Can their role as pollinators and dispersers be replaced?
At some of our sites we can begin to answer this question for pollination since honeyeater visitation to F. excorticata was sometimes very low and honeyeaters have been largely replaced by silvereyes. At some sites, silvereyes appear to be the primary pollinators yet fruit set is high (e.g., Ahuriri Reserve), despite the tendency of silvereyes to rob flowers (delph & lively 1985) . it is possible, however, that even at the sites where silvereyes are numerically dominant, the effective pollinators may still be the honeyeaters despite their low abundance if the latter are more likely to successfully transfer pollen. Work at sites where honeyeaters are absent, or using more direct measures of pollinator effectiveness (e.g., single visits to virgin flowers; Robertson et al. 2005) where honeyeaters and silvereyes co-exist, will be required to test this idea. dispersal involves a wider range of bird species including the widespread and common blackbird , so it seems likely that there will always be some birds that will take fruit, though again we lack data on dispersal effectiveness.
even in the absence of definitive data on the effectiveness of the different species of flower and fruit visitors, we have developed indices that work as rapid assessments of mutualist service. First, the visual score of pollen on the stigma is easily made even by inexperienced observers, is well correlated with fruit set, and is therefore a good measure of successful pollen transfer, particularly for females where it also correlates with honeyeater visitation rates. Sites where pollen loads on females are low are an indication of pollination failure. The situation at the three sites in the Nelson lakes area provides an interesting example. There were no honeyeaters recorded visiting plants at duckpond Stream (the plants at this site were small and in deep shade) and there was a correspondingly low pollen load score on female plants, whereas only 3 km away at the lake Rotoiti site (which has intense predator control and high bird densities), there were very high honeyeater visitation rates and high pollen loads. Unfortunately, however, these sites were studied in different seasons, and fruit set data were incomplete, so we cannot be sure that predator control at lake Rotoiti has restored the pollination mutualism. At lake Rotoroa, 18 km away and with no predator control, pollen loads and visitation rates were both intermediate.
Second, in the middle of the fruit ripening season, a high proportion of overripe and ripe fruits on a tree (more than about 40% of all fruits) is a reliable signal of poor dispersal. Such measures should help managers measure the state of plant-animal mutualisms, and may be a useful tool for assessing the adequacy of management interventions like predator pest control.
our assessment of chronic pollination and dispersal limitation in F. excorticata needs to be put into context by recognising the acute problem of the death of adults caused by introduced herbivores, especially brushtailed possums, which are gradually eliminating this species from many sites (brockie 1992; Pekelharing et al. 1998; Sweetapple & Nugent 1999) . At one of our sites (Ruahine), fruit set was low even in our hand-pollinated treatment, and it was noticeable that in 1998, many trees appeared to be heavily browsed by possums and in poor health. A return visit to the site in 2006 revealed that all the trees we had tagged in 1998 had died. Similarly, all the trees studied in Sugarloaf bush on the Port Hills by delph & lively (1985, 1989) have since died, for unknown reasons. Clearly, preventing the widespread deaths of adult plants requires more urgent management action than maintaining or restoring pollination and dispersal mutualisms (Kelly et al. 2004 ). However, quantifying mutualism failure is also important, because changes driven by failure of reproduction are likely to be gradual and thus tend to escape notice because of shifting baselines (Pauly 1995) .
